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Mixing Analysis of Axially Opposed Rows of Jets Injected into
Confined Crossflow

D. B. Bain* and C. E. Smithi

CFD Research Co#7_oration, Huntsville, Alabama .758(75

and

J. D. Holdcman:i:

NASA Lewis Research Center, Clevelaml, Ohio 441.75

A CFI) parametric stud)' 'fleasperfiirmed to analyze axially opposed ro_vs of jets mixing with cnlssflnw in a
rectangular duct. Isuthermal analysis was conducted to determine the inllnence of lateral geometric arrangement
on mixing. Two lateral arrangements _ere analyzed: l) inline (jets' centerlines aligned with each other on top
and bottom walls) and 2) staggered (jets' centerlines llffset with each other on Inp and bottom wallsL Fur a jet-
In-mainstream mass-flow ratio O,IR I of 2.0, design parameters were systematicall) varied ['nr jet-lu-mainstream
mumentum-flux ratios .1 between 16-64, and orifice spacing-to-duct height rail{is SIll between (l.125-1.5.

Comparisons were made between geometries optimized filr S/II at a specified ,I. lnline configurations had a
unique spacing flit best mixing at a specified .I. In contrast, staggered configurations had two "good mixing"

spacings filr each J, one cnrresp{mding to optimum inlinc spacing and the other corresponding t{l optimum
wall-impinging jet spacing. The inline configurations, due tn their smaller .rifice size at opiinmm S/II, prnduced
better initial mixing characteristics. At downstream locations (e.g., axial distance-to-duct height ralin u|' 1.5),

the optimum staggered configuration produced better mixing than the qlptimum inline configuration filr J nf

64; the opposite results were observed ['{w.1 nf 16. Increasing J resulted in better mixing characteristics if each
cunfiguration was (iptimized with respect to orifice spacing. For jet-in-mainstream MRs of 2.0, the optimum

mixing equation [(S/Ill \J C] of Holdeman was substantiated, except the optimum mixing constant C increased

by a factor nf 1.8 for twn-sided inline configurations.
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1. Introduction

IlE technology dernonstration ,nf low N()_ conlhustors
applicable to commercial aircraft is a subject of origomg

research._ One combustor concept currently being evaluated

both numerically and expcrimcntally is the rich-burn/quick-
mix/lcari-burri (ROLl con'lbustor. Thc RQI, combustor uti-

lizes staged burning.-" In this concept, the rich-bum zone is

designed to operate at equivalence ratios greater than 1. The

combustion products from the rich-burn section enter the quick-
mix section where mixing takes phice with bypass air. The

combustion process is then completed m the lean-burn region.

A key design technology required for successful dcnron-

stration of the RQI. concept is a nlcthod of rapidly nlixing

bypass air with rich-burn gases to suppress the formation of
harmful emissions. Recent sttidies have been performed that

focus on identifying improved mixing concepts. _ _ The cur-

rent investigation focuses on jet mixing in rectanguhlr cross-
sectional duels.

I1. Background

The mixing of jets in a confined crossflow has been ina-

portant in gas turbine combustion applications for many years.

Perhaps foremost in importance is the jet mixing that occurs
in the combustor dilution zone. In conventional annular gas
turbine combustors, the dilution zone is the aft zone m which

air dilutes combustion products before entering the turbine.

The dilution jets should effectively penetrate and mix with

cornbnstion gases, tlleicb\' establishing a temperature profile

acceptablc to the turbine. The typical range of jet-to-mam-
slrearn mass-flow ratio (MR) is 11.25 (I.50.

RQL jet mixing applications offer some sharp contrasts to
conventional dihition zone mixing. [:irsl, the nlass-flow ratio

is approximately 2.0. Stlch ;,ilarge AIR results iri larger orificcs,

potentially creating jet blockage cffccts that can substantially

af[_2cl mixing. Because round orifices may not be practical
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Table I Numerical cases anal)zcd

.lcl

Trailing blockage

t'aramclric ('asc ('onliguration Slol AR J MR ,_"II edge, _/11 tit wall. %

Paranlctric I hllmc 4:1 36 2.0

[)aramclric2 Slaggcrcd 4:I 30 2.11

Parametric 3 hflin¢ 4:1 16 2_!1

['ararnctric 4 Staggered 4:1 16 2.(1

I
J

¢

Pararnctric 5 Inlinc 4:1 64 2H

4:1

I

3

3

4

5

6

7

S

9

111

I1

12
13

14

15

16

17

18

14

2(I

21
22

23

24

25

27

2S

29

30
31

32

33

34

35

36

37
38

34

40

41

42

43

44

Parametric 6 Staggcrcd (_4 2Ii

i

; i r.i

II 125 0.29 57.7

11.2(I (I.36 45.(_

_)22S O.34 42.S

11.25 11.41 4(I.8

II275 (I.43 38.9

0325 O.47 35.S

11.375 0.50 33.3

0425 0.53 31.3

(1.5(1 ().5N 2S. _)

(175 (1.71 23._

u.s5 o.75 22.1
i) 375 11,511 33.3

{175 H71 23.f)

0.g5 11.75 22. I

I.() I)_1 2(I.4

1.25 f)91 IS.3

].511 1.1)11 16.7

o325 fl.57 43.S

11.375 (t()1 4(I.N

0 425 O.65 3,',;.4

0.50 0.70 35.4
O.55 I).74 33.7

()./,1) 0.77 32.3

I.(JO 1.00 25.0

0511 1t.71) 35.4

().X5 I).92 27.1

1.0 I .q) 25.0

1.25 1.12 22.4

1,30 I.14 21.9

1,5I) 122 2(1.4

() 125 0.25 5(1,()

().21) 0.32 34.5

o25 o.35 35.4

0.275 0.37 33.7

11.285 0.38 33. I

().30 ().39 32.3
() 325 o.411 31 .()

085 0.65 19.2

o285 ().3h 33.1

().5() ().5() 25.()

()._5 0.57 21.9

().75 ().Ol 211.4

0.85 0.65 19.2

I .(it) ().71 17.7

Bold lollt ncprcscntn or, linltml mixing conligunation.

due to blockage and structural concerns, slots may be needed.

Second, low pollutant levels are the drivcrs for-good" mixing

in RQL applications, in contrast to temperature profile and

"hot spots" for dilution zone applications.

Significant research has been performed for diltution zone

mixing. "*This research has identified two design variables that

control jet penetration and mixing characteristics: 1) jet-to-

mainstream momentum-flux ratio ./and 2) orifice spacing-to-

duet height ratio S/H. Single-sided (from one wall only) re-

jection was extensively studied, while two-sided (from lop

and bottom walls) injection was studied to a lesser extent.

Optimum mixing relationships wcrc dctcrmincd to be a func-

tion of (S/H)v'J for the range ,,)f conditions tested _.md aAla-

lyzed:

(' = (,S'/'h')x,,7 ( l )

For one-sided injection, optimum mixing was obtained when
C was about 2.5.

Two-sided injection with an inlinc latcrat arrangement was

shown to be similar to one-sided injcction il the duct was

considered sliced in half, yiekting a constant of proportionality

Table 2 Mainstream and jet flow conditions

MainsllCalll Jcls

U ]I) lll:S

7 3oo K

u/U ().2()

_t I * I(I

6() Ill/S

N( ) Ill/S

1_ 300 K

r/'V, ().2()

' kg/m's ,u_ " I() " kg/m.s
P 1 *: Ill" N/n1"

.I In, 36, 64

Illetlll 2.(}

'_ '_illics ,It,(.t)lt]il)_ I0 ",pccilicd ,/.

t.-- ' %-" W" t/
Je! Flow

Fig. I Schemalic of numerical nuxing model.
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S.H : 0 375 tS.W : 30)

J=16

J=36

S_H= 1 0 (S/W =4 00)

S.'H : 0 85 (S_ : 4 52] )

!

S/H =085(5_ =521) 1
J=_

Solid Orifice: Top Wall
Dashed Orifice: BoSom Wall

Fi_. 2 Slot configurations at optimum S/II.

that is one-half of the corresponding wdue for one-sided in-

jection. Thus, a (" of 1.25 would hc expected for optimum

mixing of opposed rows of jets with centerlines iulme.

For two-sided rejection with a staggered lateral arrange-
ment, very little data, either experimentally or numerically,

have been generated, l loldeman _ has suggested staggered

holes produce optimum mixing if the jets penetrate past each

other, tle determined (from the few tests conducted) thai

best mixing was obtained when alternate juts for optimum

one-sided injection were moved to the opposite wall. Thus,
the correlation constant would he expected to bc 5.0 for op-

posed rows of jets with centerlines staggered.

A basic question often arises concerning which lateral ar-
rangement produces superior mixing: inline or staggered. This

fundamental question has never truly been answered. Indeed,

even combustor designers differ in their opinion, as evidenced

by conventional dilution zones with both types of latcral align-
ments. As an added complication m this RQL application,

past rest, Its may not he directly applicable duc to the mass-
flow ratio (0.50 k)r conventional dilution zone vs 2.11for ROE).

This study sought to address the lateral arrangement issue by

a systematic computational investigation. A complete descrip-
tion of the cases studied and their results are discussed next.
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Fig. 3
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11I. Computational Fluid Dynamics Code

The approach in this stud}, was to perfornl three-dimen-

sional numerical calculations on a generie geometry section.

The ('FD code named REFLEOS _" was uscd to perform the
computations. The basic capabilifics/nlethodologies in RE-

FLEQS include 1) solution of two- and three-dinlensional,

time-accurate or steady-state Navier Stokes equations for in-

compressible and compressible flows: 2) ('artesian, polar, and

nonorthogonal body-fitted coordinates: 3)porosity-resistivity

techniques for flows with internal blockages: 4) full}' implicit

Slot Center lane

s/l I=0.325

s/H=0.375 (Optimum)

s/11=0.425

sd 1=0.50

Fig. 4 Effect of jet penetration on mixing hJr inline slots: momentum-

flux ratio 36, mass-flow ratio 2.0.

and strongly conservative fl_rmulation; 5) threc dift;erencing

schemes: upwind, hybrid, and central differencing with damp-
ing terms: e,) stand:.tl-d, extended, and low' Reynolds numl_cr

k-_--turbulcncc models, and the multiple-scale turhutencc model

of Chen: 7) hlstanu.tneous, one-step and two-step combustion

models; S) modified form of Stones strongly implicit solver:

and 9) pressure-based solution algorithms including SIMPI.[_
and a xariant ol SIMI'I.L:('.

IV. Details of Numerical Calculations

A schematic diagram of the numerical model is shown in

Fig. 1. The height of the mixing section was 4 in. (0.1016 m).
The mainstream flow entered the calculation domain one duct

height upstream (x/H of 1.0) ol the leading edge of the ori-
ficcs. and continued downstream to x/tt of 7.0. ]he model

consisted of jcl mjcction from top and bottom walls into mare-
stream flow. All of the orifices were straight slots with an AR

of 4:1. with lhc long dimension of the slol m the direction of
the mMnstream flow.

Two orifice arrangements were modeled: 1) staggered and

2) inlinc. For the staggered cases, the lateral calculation do-

main extended from midphmc to midplane between top and
bottom jet eenterlincs, and modeled one jet on the top wall
and one jet on the bottom wall. Periodic boundary conditions
were imposed ahmg the lateral boundarics. For the inlinc

cases, the lateral domain extended from midplanc-to-mid-

phme between the jets" centerlmes. Again, periodic lateral
boundary conditions were imposed. It should be noted that
thc staggered configurations consisted of twice the lateral do-

main of the inline configurations.

The boundary conditions at the mainstream and jet inlet
planes were assumed to have a uniform velocity profile. The

static prcssure at the duct outlet phme was specified to be a

constant value. In practical combustor analysis, the assunlp-
tion of uniform velocity profiles is not necessarily valid and

other flow effects could be present (i.e., elliptical effccts in

jet supplyL For this generic analysis the inclusion of non-

uniform jet vch,eitv profiles or the inclusion of jut supply

plenums was fc[t to be beyond the scope of this mixing study.

Six paranletrics consisting of 44 cases were analyzed as

shown in Table I. [he case sequence for each parametric

SIoI Center Line Slot Mid-Plane

s/H=0.75

sli1:0.85 (OplimumJ

0 (3

s/I ! = 1.0

s/1 ! = 1.25

Fig. 5 Effect of jet penelration on mixing for slaggered slots: momenlum-llux ratio 36, mass-fll_v, ratio 2.0.
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consisted of fixing J (;.it 16, 36, or 64) and lateral arrangernent

(inline or staggered ), ;.lnd then paramelricall,v changing S,H

to optimize mixing. For each parametric, the slot geometry

producing otltimum mixedness is shown in Fig. 2.
The flow conditions of the mainstream and jcts arc shown

in Tablc 2. Thc turbulent length scales of the jets ',,,,ere ',aried
to maintain a constant inlet turbulent xiscosity.

05O
S/H=0 285 (J=64)

STH=0.375 (J=36)
040 StH=0 50 (J=16)

U ! 2

Fig. 6

2.0.

030 J=!6

J=64 J=36
0 20 -

_-- _0 10

00_ - r - -

0 03 06 09 12 1 5

×,m

Effect of J nn unmixedness for inline shits: mass-flow ratio (if

U I ;:

050

040 ,

030 ,

020 ,

010 •

0.0

0
7

03

-- S/H=0.85 (J=64)

SIH=0.85 (J=36)

SfH=I 0 (J=16)

J=16
J=36

\J=64 \

....

T 7 .... _---I
0.6 09 12 1.5

x/H

Fig. 7 Effect of J on unmixedness for staggered slots: mass-flow ratio

(if' 2.0.

Inline

A. (;rids

A typical staggered casc consisted of _1),0()() cells. 64 cells

in the axial .v direction. 2S cells in the xertical v dhection, and

44 cells in the lateral = direction. The slots were composed

of 144 (24 >,' 6) evenly distributed cells• The grid upstream

and downstream of the slot region ssas cxpandedicontracled

so that each cell adjacent to the slot region matched the cell

size in the slot region. The cells in the vertical direction werc
;.ill of uniform size. Note ttl;.it the grid size for the inline cases

was typically half the size for the staggered cases.
In earlier works." a much fincr grid (:: 145,i)11(1 cells) was

used in the numerical calculations. Since that paper, a grid

density study has been performed and it was determined that

such fine grids arc not needed for engineering calculations.
Thus. the number of cells was reducetl for conlpulational

efficiency in this stud.,,'.

B. Numerics

Thc following conservation equations ',,,'ere solved: u 111o-

mentUl]l, l' monlentUlll, w nlonleDtunl, inass (pressure cc, r-

rection), turbulent kinetic energy k, turbulent energy dissi-

pation s. and composition mixture fraction )". The convective

fluxes werc calculated using upwind differencing, and tt)e dif-
fusive fluxes were calculated using central differencing. The

standard /,-s turbulence model was employed and conven-

tional wall functions were used. A lurbulcnt Sc of ().9 was

;.lssunled and held constant.

C. Convergence

All error residuals were reduced :.it least six orders of nlag-

nitude, and continuity was conserved in each axial plane to
the fifth decimal. Convergence was relatively smooth, re-

quiring about 600 iterations. A converged solution required

approximately 4.0 CPU hours on a Crav Y-MP computer.

V. Data Postprocessing

In order to quantify the mixing effectiveness, the area-
averaged spatial concentration variance of jet flow was cal-

culated in each axial plane. The use of area-averaged quan-
tities, rather than mass flowaveraged quantities, was chosen

to be consistent with concurrent experimental measurenaents

Staggere_a

Jet

Mass

Fraction

l.O

S/H=0.50

J=16

S/H = 1.0

Cavq
J=36

:: ;d

S/H =0.375 S/H =0.85

O0

J =M

Fig. 8

SitI:0.Z&_ S/H--0.&_

x/H=0.75

Fffect of J variation on mixing for inline and staggered slots: mass-flow ratio 2.0.
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Fig. 9

Fig. I0

Fig. 1 1

U L2

0.50 •

0.40 S/H=050 Online)

0301 S/H= 1.0 (Staggered)

0.20 i ' . Staggered

oIlo ,n,,/
00_ -- : T ; T I

0 0 3 06 0 9 1 2 1 5

x/H

Effect of lateral arrangement on unmixedness, J = 16.

&50

040 -

0.30

U_2

0.20 •

0t0

S'H:0.375 (Infine)

S,H=0 85 (Staggered)

Staggered

Inline /_' " '_'"

00 •

0 03 0_6r 0g t 2 1.5

x/H

Effect nf lateral arrangemenl on unmixedness, J = 36.

0.50

040 4 SIH=0.285 Online)
- SIH=0 85 (Staggered)

I
U 12 0.30 4

i Inline

0.20_ ._'/ Staggered

"'"
0.10_ ...

! " " " 2 __.
0.0-_ V _ T T •

0 0.3 0.6 0.9 1 2 1.5

x/H

Effect of lateral arrangement on unmixedness, J = 64.

and allow ()rlc-to-{)[le comparison. The ;.ire;.t-aVcraged un-

mixcdncss (/is defined"' as

where

t.....(.,/I(2,,,{I - C,,:)I (2}

('.,, " (1 .'11,,,)>' /t,{(',- C,..) 2
A_,)_ - l{}tal fl{)w area in each axhd phme
A, = flov,, area ()f cell i
(', = jet mass fraction in cell i

For this study'. (',,_ is 0.667.
The use of (',,_ in determining U is only correct downstream

of the slots' trailing edge. Upstream of the slots" trailing edge,

the injection of jet mass-fl(}w makes the use {}f Q,,_ incorrect.
Therefore, the unmixcdness values shown plottcd in this ar-
ticle alwa.vs begin one computati(mal cell aft of the slots'

trailing edge.

VI. Results and Discussion

Figure 3 displays the results for the inlinc and staggered

configurations for a J of 16, 36, _,nd (_4. The optimum S/tt
ratio for each parametric is identified by the boldest curve.

Discussion (}f these results is presented htter.

A. Effect of.'_/tl on Jet Penetration

A qualitative view of how S/It affects jet penetration and

corresponding mixing levels is shown in Fig. 4. This figure
shows the jet mass fraction concentnttions for inline slots at

J of 3¢_. The views presented are lateral slices taken through
the slot ccnlcrline. S/It variations are presented to illustrate

the effect of S/tl on ict pcnetrati,m. At the smaller S/H, the

jets are underpcnetrated, allowing the approach flow to pass

through the center ¢,f the duct. As S/H incrcascs, the jets

penetrate farther into the duct. beginning to pinch off the

approach flow along the duct eentcrline. At the largest S/H

the jets have clc:,rly ovcrpenetrated, blocking off most of the

approach flow in the center of the duct and fl)rcing more of

the approach fh}w to go between the jets. S/H of 0.375 givcs
the optimum pcnctnllion that agrees well with the optimum

S/tt in tern> ol unmixedncss (as shown in Fig. 3). in general

Inline Staggered

Slot Center

x/ll =0.75

I

:-2:

00

x/ll=l.5

S/I I =0.375 S/I I=0.85

Fig. 12 Effect of lateral arrangement on mixing: .! = 36. ,,'fir = 2.0.
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In!ine
S/1I=0.375

(Oplimum Inline)

Jc[

M ass

FI actioll

Slol (_'rl I i_I

_ H---'0.75

0 0

S!I ! =0.85

{Optimum

Wall-lmpin_ng

Staggt_ed)

SI.t (_ntel

x/ll_L75

Fig. 13 Comparison of inline and wall-impinging staggered slots at optimum S/lt: momentum-flux ratio 36, AIR = 2.0.

terms, inline jets that penetrate to about one-fourth duct height

produce optimum mixing.
Similar lateral slices showing jet penetration for staggered

slots at J of 36 are shown in Fig. 5. The lateral planes in these

figures are through the centerline of the top jets, and the

corresponding plane through the bottom jet would be the

reflected image of that shown. In contrast to optimum inline

configurations, optimum staggered jets penetrate completely
across the duct and impinge upon the opposite wall. As will

be discussed later, another good mixing orifice spacing is ob-

tained for staggered configurations if staggered jets are con-
figured at optimum inline spacing. In this case, the staggered

jets penetrate to one-fourth duct height, just like the optimum

inline jets.

O50
S]H=0.85 (Staggered)

S]H=O85 Online)
040 -!

U' > 0.30 "_lnhne (at Same S/H)

020 "

\
010 -

Slaggered Oohmum - - -- _

0.0 .... 7 T "- "_ +'- ....

0 03 0.6 09 1 2 1.5

x/H

Fig. 14 Unmixedness comparison of inline and staggered configu-

rations at staggered optimum S/tt.

B. Effect of J

The effect of J on unrnixedness is shown in Fig. 6 for inline

slots, and in Fig. 7 for staggered slots. Each curve represents

the optimum S!H for a specified J. Both lateral arrangements,

staggered and inline, exhibited an initial mixing advantage

gained by increasing ,/ frorn 16 to 64. The improved initial

mixing is caused by the slots being geometrically smaller as J
increases from 16 to 64. Downstream mixing (i.e., x/H of 1.5)

is seen to be similar for inline geometry as .I varies, but sub-

stantial improvement is seen when J is increased for staggered

configurations.
The jet mass fraction concentrations for inline and stag-

gercd slots are shown in Fig. 8. The location of the axial

section is x/H of 0.75. Using the criteria of better mixing being

indicated by fewer concentration levels, the cases for J of 64

are more thoroughly mixed than the J cases of 16 or 36. The
enhancement in mixing by an increase in J is not unexpected

due to a higher pressure drop experienced as J is increased.

C. Effect of l,ateral Arrangement on Mixing

The effect of lateral arrangement on unmixedncss is shown

in Figs. 9, 1(), and 11 for J of 16, 36, and 64, respectively.

Only' the curves corresponding to optimum S,'H are presented.

In each figure it can be SUCh that the inline slots have better

initial mixing. This is duc to the inlinc orifices being substan-

tially smaller than staggered orifices. At locations fitrther
downstream (i.e., x/H of 1.5), inline is better than staggered

at J of 16, but inline is worse than staggered at J of 64. Indeed,

the best mixing case of all cases studied is the staggered case

shown in Fig. 11 for J for 64. The umnixedncss values for the

best mixing case was 0.02 at x/H of 1.5.

A more qualitative comparison of rnixing illustrating the
effect of lateral arrangement is presented in Fig. 12. This

figure presents jet mass fraction color concentration maps for

the optimum inline and staggered configurations at a mo-
mentum-flux ratio J of 36. The multiple cycles shown in this

figure were generated graphically to maintain the same cross-
sectional area for each case. It can be seen that the inline

slots produce better initial mixing than the staggered slots at
x/H of 0.75.

When experimental mixing tests are performed, only a lim-
ited number of orifice configurations can be tested. Typically,

inline arrangements are first tested, fotlow'ed by a lateral

movement of one wall to produce staggered arrangements. If

an inline arrangement at a given J is optimized {in terms of
S/H), the corresponding staggercd case obtained by laterally

moving one wall will produce nearly identical mixing (see Fig.
13). The converse is not true: i.e., if a staggered arrangement

at a given J is optimized, the corresponding inlmc case will
produce inferior mixing (see Fig. 13).



Sq2 B.A. IN. SNIIII[. ANI) II()I I)FMAN

( }¢oMglrv

fw,._->,i,.Ic d

Table 3 Empirically and numerically determined cmlstanls at optimum S/1/

( 5,//', ./
[ alclal

arran,,zcmcn! m/m, J SIt lmq_irical Numerical

Inlinc 2.0 16 .... 125 20

Inlinc 36 2.25

lnlinc 64 2.28

Slaggcrcd 16 5.(1 4.()

S| HggC f'cd 3() 5. I

Slaggercd i 6-1 (i.£

35
33
33
25

Iq

0.50

040
. !
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Fig. 15 Unmixedness comparison of inline and staggered configu-
rations at inline optimum S/II.
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Fig. 16 Staggered cases produce double-,,alued function of unmixed-

ness vs S/ti ( parametric 2, J = 36i.
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Fig. 17 Unmixedness comparison of inline and staggered slots for
S/1/variation at x/H = 1.5 (J = 36).

Figures 14 and 15 show the unmixedness comparisons of
inline and staggered configurations at the same :';/H. In Fig.

14 it is evident that running the inline configuration at opti-

mum staggered spacing (S/H of 11.85) produces poorer mixing

characteristics than the optimum staggered ca,so. In contrast.

there is no difference seen (see Fig. 15) between inline and

staggered results at the optimum inlinc spacing (S/tl of ().375).

Staggered configurations thus have two minimum values of

unmixedness, as shown in Fig. 16 for J of 36. ()ne minimt, m

value corresponds to the optimum S/H arrangement for wall-

impinging jets (S/H of II.$5), and tile other minimunl value

corresponds to jets not being able to penetr;dc by each other

(S/H of 0.375). lnlinc configurations have only a unique min-
imum unmixedness value (at S/tt of 11.375) as shown in

Fig. 17.

I). Comparison to Empirical Calculations for Optimum Mixing

Shown in Table 3 are the empirically and mnnericalh' de-

termined constants for optimum mixing fl)r the cases studied.
For the inline cases, the numerical constant is about 75'%

higher than the empirical constant. Most of this difference
may be attributed to the effect of mass-flow ratio, since the
empirical constants were based on experiments with mass-
flow ratios less than 11.50, while the numerical constants were

determined with a mass-flow ratio of 2.0. (In other CFD

studies not reported here, the nmncrieal constant was only

3(1(:: higher than the empirical constant for a mass-flow ratio

of 0.5.) Note that the jet blockage (at tile wall) was about
33% for all J values. The constant blockage for all J values

is expected due to geometry considerations if blockage is not

important in the mixing process.

For the staggered cases, the numerical constants vary froln

20C_ low for J of 16 to 36":t high for J of 64. This agreement

is considered adeqt, atc from an cngineering design viewpoint.

but there is probabl.'v a secondary effect (e.g., grid density,

inlet turbulence boundary conditions, etc. ) that is causing the

disagreement.

Vll. Conclusions

A CFD parametric mixing study was performed on axially

opposed rows of staggered and inline jets injected into con-

fined rectangular crossflow. The analysis was performed at J
of 16, 36, alld 64, S/H of 0. 125-1.5, and a MR of 2.0. Based

on the numerical results, the following conclusions can he
drawn:

1) [nlinc configurations have better initial mixing than slag-

gered configurations at their respective optimum S/H.

2) In terms of overall downstream mixing, (i.e., a.lt x/H of

1.5). the optimum inline configuration is better than tile op-

timum staggered configuration for J of 16, but the opposite
is true for J ol 64. Thus, the best configuration (in terms of

inlinc ()r staggered) depends on J.
3) Increasing J improves initial mixing at optimum S/tt.

Increasing J improves downstream mixing (i.e., x/H of 1.5)

for staggered configurations, but hats negligible effect for in-

line configurations.

4) The lll'flJnlunl mixing equation I(S,'H)\'9 ('l of

tloldeman _' was found to bc substantiated, except the con-

stant (' was increased hy a factor of about 1.8 for two-sided

inline configurations for jet-to-mainstreanl MRs of 2.0.
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